ABSTRACT This paper addresses the problem of adaptive compensation event-triggered control for uncertain nonlinear systems with input hysteresis. The communication resources cannot be saved effectively for the considered systems, as traditional event-triggered mechanisms do not consider input hysteresis with nonlinear gain. In a network control system, how to simultaneously overcome the problem of input hysteresis and save communication resources remains a challenge. In this paper, an extended fuzzy approximation method is proposed to estimate uncertain items for control design. The method considers the time-varying error of the approximation instead of viewing the error as a bounded constant. Furthermore, in combination with the extended fuzzy approximation method, an adaptive event-triggered compensation control method for uncertain nonlinear systems with input hysteresis is designed. Under the proposed event-triggered mechanism, the control method can effectively compensate for the input hysteresis and simultaneously save communication resources. Finally, this method is verified through two simulation experiments that the occupation of communication source has been reduced and the stability of the considered system can be guaranteed effectively.
I. INTRODUCTION
Input hysteresis is always present in practical control systems, impairing the stability of the control system [1] - [4] . Thus, many studies have developed methods to address this issue [5] - [9] . Hysteresis model compensation is the main approach. For instance, adaptive control based on the Prandtl-Ishlinskii(PI) hysteresis model was designed for continuous-time linear systems in [1] . Considering a class of systems with hysteresis input, a neural robust adaptive control method was proposed [7] . The aforementioned methods assume that the control gain is constant. However, the gain is a nonlinear function in a physical control system [4] . hysteresis exists in the control system, more communication resources would be applied via traditional event-triggered methods. Thus, the solution to this problem is important and urgent.
On the other hand, a number of schemes base on the uncertainty of systems have been proposed to approximate the unknown part, including fuzzy logic systems [17] - [29] and neural networks [30] - [39] . Fuzzy logic systems can effectively approximate the unknown part of system [17] - [20] . In the framework of the backstepping technique, an adaptive fuzzy tracking controller is designed in [25] . A novel adaptive neural tracking control method is proposed by combining finite-time stability theory and a state observer in [36] . Similarly, the aforementioned methods address approximation error by viewing it as a constant, which produces satisfactory results. However, the approximation error is actually a time-varying function in a physical system. As the time-varying error is not taken into account, the system performance cannot be guaranteed under event-triggered control. Therefore, the time-varying error of approximation must be considered.
In summary, the design of compensation control for uncertain nonlinear system is more difficult when accounting for input hysteresis with nonlinear control gain. Furthermore, in network control, how to design event-triggered control for uncertain nonlinear systems with input hysteresis is important. Thus, we propose an extended fuzzy adaptive compensation event-triggered control method with the following two main innovations:
(1) Input hysteresis with nonlinear control gain is inevitable in actual systems and has a substantial influence on system performance, see [1] - [9] . In network control without considering input hysteresis, communication resources can be saved by traditional event-triggered control [10] - [16] . Notably, more communication resources are required by the aforementioned mechanism when input hysteresis is present in the system. However, the available results that use event-triggered approaches to compensate for input hysteresis are very limited. Input hysteresis with nonlinear control gain is considered in this paper to solve the problem of input hysteresis and save communication resources. Then, by means of an adaptive control method, a new adaptive compensation event-triggered mechanism is proposed to effectively compensate for input hysteresis and simultaneously save communication resources. (2) In contrast to traditional unknown nonlinear systems, a system with event-triggered transmission and input hysteresis cause great difficulty in algorithm design. On the one hand, the approximation error is considered as constant in the traditional fuzzy control method [17] - [20] . However, it would be conservative to guarantee the tracking performance. On the other hand, under event-triggered transmission, the issue of time-varying error is difficult to address for nonlinear systems with input hysteresis. Thus, an extended fuzzy system is proposed to approximate the unknown part. The time-varying approximation error can be constructed into the weight vector, and handling norm operation is applied to reduce computation. Furthermore, in the frame of backstepping technology, an extended fuzzy adaptive event-triggered compensation control method is designed. By dynamic threshold based on different control input value, communication resource can be effectively saved. Meanwhile, compared with [10] - [16] , proposed method still can improve tracking performance and guarantee stability for uncertain nonlinear system with input hysteresis. The rest of this paper is organized as follows. In Section II, models of a system with input hysteresis and event-triggered mechanism are proposed. In Section III, an adaptive compensation event-triggered control method is designed, and the stability of the system is verified. In Section IV, two examples are used to verify the effectiveness of the proposed method. The simulation results show that the proposed method can satisfy the system's tracking performance. Finally, conclusions are given in Section V.
II. MODELS AND PROBLEM STATEMENT A. ANALYSIS OF THE SYSTEM MODEL
Consider the following class of uncertain nonlinear systems with unknown hysteresis [12] :
where x ∈ R n and y ∈ R represent the system state and output, respectively,
is an unknown nonlinear function in the system. (x) ∈ R are known smooth nonlinear function, u(t) ∈ R denotes the input, and b ∈ R represents unknown constant parameters.
Consider the actuator hysteresis, which exhibits backlashlike hysteresis behavior during operation. Therefore, the designed control signal should be transformed to v c = B(u c ), which represents the output. The backlash-like hysteresis model is as follows [3] - [5] :
where A, h and B are constants, h > 0 and h > B. According to the research in [3] , the following result can be obtained:
whered(u c ) is bounded. Setd =d(u c ). Then, the model of the input hysteresis can be presented as:
According to equation (1) to (4), the system model can be described as:
The following assumptions are made in the design of the controller:
Assumption 1: b is known, and b = 0, (x) = 0. Assumption 2: y r is the desired signal, which is bounded and known. In addition, y r has n + 1-th order derivatives.
B. DESIGN OF THE EVENT-TRIGGERED SCHEME
The above system model is suitable for a system with direct connection between the actuator and controller. However, considering the effect of actuator hysteresis, the required communication resources are difficult to satisfy. Thus, the following event-triggered scheme is proposed:
where t k represents the update time in scheme (k ∈ R + ) and f E (·) is a varying threshold that will be analyzed in the following section.
C. RESEARCH ON EXTENDED FUZZY LOGICAL SYSTEM APPROXIMATION
The use of fuzzy logic systems (FLSs) is an effective approach to approximate unknown nonlinear terms. FLSs have the following form:
where
is the input vector of the approximator. The fuzzy basis function ψ i (X q ) can be written as follows:
p are the center of the receptive field and the width of the basis function.
The continuous nonlinear function Y (X i ) can be approximated by FLSs as follows:
As the error is a time-varying function, equation (9) can be rewritten as follows:
where κ(X i ) represents the FLS approximation error, which requires κ(X i ) < ε i . Then, equation (10) can be obtained as follows:
In equation (10), κ(X i ) represents the FLS approximation error, which is time-varying in practice. The vector χ contains the unknown weight vector and the time-varying error, in contrast to the vector φ. Thus, the timevarying approximation error can be constructed into the vector χ , which avoids the more adaptive law in controller design and conforms with practical physical systems.
Then, although compensating for the time-varying approximation error is important, the vector χ entails a considerable computational burden due to the need for greater weight for online estimation in real time. This issue can be solved in the follow manner.
Form above analysis, the approximation error κ(
Then, an unknown positive parameter is defined as θ = φ T φ + ε 2 i . Clearly, χ is bounded and χ ≤ θ, which can be estimated asθ .
III. DESIGN AND ANALYSIS OF ADAPTIVE EVENT-TRIGGERED COMPENSATION CONTROL
In this section, considering the hysteresis system with limited communication resources, an extended adaptive fuzzy event-triggered control scheme is designed to guarantee the tracking performance. All the signals are bounded, and the tracking error performance is ensured by the event-triggered mechanics.
A. ADAPTIVE FUZZY COMPENSATION BACKSTEPPING DESIGN
First, the following definition is provided:
where z i is the state error of the ith order and
Uncertain items in a nonlinear system can be estimated by the extended fuzzy approximation method. However, computing the vector of weights would a entail high computational burden due to the greater weights required for online estimation in real time. Thus, the handling norm operation is used to design the control law. To avoid possible chatter caused by a discontinuous control law, a series of smooth functions is constructed to approximate the sign function.
The smooth functions are defined as follows:
where β i are the positive design parameters. The backstepping design process is illustrated in the following section.
Step 1: The following result is obtained based on equation (13):ż
A Lyapunov function V 1 is defined as follows:
2λ 1 (17) where 1 is the estimate of θ 1 .
According to FLS and equation (11),
, and χ i < θ i can be obtained. θ i is bounded and can be estimated asθ i .
Then, equation (18) can be transformed as follows:
From equation (20) ,
According to equation (14) and (15), |z 1 | can be divided into two cases as follows:
From case 1 to 2, it can be proved that:
Substituting above inequality into (20) , we can obtained inequality as follows:
Setting η 1 = ϕ T 1 (X 1 )ϕ 1 (X 1 ), the aforementioned inequality can be stated as follows:
The virtual control α 1 can be designed as: (24) where c 1 > 0. Thus, the following result can be obtained:
The adaptive law can be defined as follows:
The above result can be rewritten as follows:
Step 2: According to equation (13) , the following result can be obtained:ż
In this step, the Lyapunov function is defined as follows:
where λ 2 > 0,θ 2 = θ 2 −θ 2 , andθ 2 is the estimate of θ 2 .
Then, functionḡ 2 is defined as
Similar to step 1, according to the FLS and equation (11),
r ]. Then, equation (30) can be transformed as follows:
Setting η 2 = ϕ T 2 (X 2 )ϕ 2 (X 2 ), the aforementioned inequality can be stated as follows:
The virtual control α 2 can be define as follows:
where c 2 > 0. Thus, the following result can be obtained:
The adaptive law is defined as follows:
Therefore, the result can be rewritten as follows:
Substituting inequality (27) into (38) yields the following result:
Lemma 1 (see in [37] ): For ∀x 1 , x 2 ∈ R, the following inequality holds:
where d > 1, τ > 1, ε > 0, and
4 z 2 1 ρ 1 should be further analyzed.
Clearly, Q 1 < 0. Case 2: |z 2 | ≥ β 2 , according Young's inequality,
It can be verified that Q 1 ≤ 0; thus,
Step i(i = 2, 3, · · · , n − 1): The derivative of z i can be obtained as follows:
In this step, the Lyapunov function V i is defined as follows:
V i can then be obtained:
According to the FLS and equation (11),
]. Then, equation (47) can be rewritten as follows:
; then, the aforementioned inequality can be presented as follows:
The virtual control α i can be defined as:
where c i > 0. Thus, the following result is obtained:
The adaptive law can be defined as:
According to the result of step i − 1,V i can be obtained as follows:
Step n: Similar to the above result, the derivative of z n can be obtained as follows:
The next subsection will illustrate, in detail, step n and the proposed event-triggered mechanism.
B. ADAPTIVE FUZZY COMPENSATION EVENT-TRIGGERED CONTROLLER DESIGN
The traditional scheme is suitable for systems with a direct connection between the actuator and controller. As a practical industrial requirement, network control plays a major role in complex situations. An event-triggered communication scheme is proposed in this paper. The triggering condition is based on the variation in control signal u c (t), which is aperiodic event-triggered. Concretely, if control signal u c (t) varies beyond a threshold value, the mechanism output is updated, leading to longer update intervals. Thus, the resource can be saved.
Moreover, as the system states gradually tends to stability, shorter update intervals can satisfy the control requirements. Then, a more precise control signal u c (t) can guarantee better system performance. Thus, the event-triggered scheme is defined as follows:
According to equation (57), w(t) = u c (t) + δλ 1 (t)u c (t) + m 1 λ 1 (t), where |λ 1 (t)| ≤ 1, |λ 2 (t)| ≤ 1. Then, the aforementioned equation can be transformed into u c = w(t)−λ 2 (t)m 1 1+λ 1 (t)δ . u is the control law, which is defined as follows:
The equation should satisfy the following law:
In equation (58), parameter k exists in practical situations but is unknown, which complicates the subsequent analysis. To solve this problem,k is the estimated value of k, wherẽ k = k −k. Therefore, equation (58) can be transformed as follows:ū
The Lyapunov function is defined on the interval [t k ,t k+1 ] as follows:
where is a definite matrix, λ n > 0,θ n = θ n −θ n , andθ n is the estimate of θ n . Then,V n can be obtained:
According to equation (56),
For u c = w(t)−λ 2 (t)m 1 1+λ 1 (t)δ , the following can be obtained:
Substituting equation (57) into (64) yields
According to equation (57), ∀q ∈ R and ε > 0,
1−δ and z n w 1+λ 1(t) δ ≤ z n w 1+δ ; thus, the following result can be obtained:
According to [16] ,
Substituting equation (68) into (63) yields
Then,V n can be obtained:
Similarly,
. Then, equation (62) can be rewritten as follows:
α n can be defined as:
where c n > 0.
Substituting (55) into (76) yieldṡ
The adaptive law can then be defined as:
Then,
Therefore, the derivative of V n can be obtained as follows:
C. SYSTEM STABILITY ANALYSIS Theorem1: Consider the uncertain nonlinear system with function gain input (1), the uncertain input hysteresis modeled in (2), intermediate virtual controllers (24) , (35), (52), (75), controller (60) based on event-triggered strategy (57), and parameter-adaptive laws (26), (37), (54), (78), and (79).
The following characteristics are guaranteed: 1. The sates of each order and estimates remain bounded for the considered system. 2. Zeno behavior is excluded in the closed-loop system. Proof: For c i > 0(i = 1, 2, 3, · · · , n), the following can be proved:
If initial value V n (0) is finite, then V n ∈ L ∞ . Thus, z i ,k and θ i are bounded. As θ i is a constant,θ i is also bounded. Since y r is bounded and z 1 = x 1 − y r , x 1 is bounded. According to (24) , α 1 is also bounded. Similarly, x i , i ⊆ {2, 3, · · · n} are bounded. Thus,ū is also bounded. Therefore, the boundedness of all the signals for any initial conditions and actuator hysteresis model is established.
Integrating both sides of (81) yields
Then, the aforementioned result can be rewritten as follows:
Furthermore, the following result can be obtained:
Therefore, the result can be obtained as follows:
According to the above analysis, the transient performance of the tracking error depends on parameter c 1 , and increasing c 1 reduces the error.
Set
From equation (57), the derivative of w(t) can be obtained:
Remark 4: y r has (n + 1)th-order piecewise continuous derivatives. Thus,ẇ(t) is a continuous function. Furthermore, the signals x andθ i are globally bounded, and |ẇ(t)| ≤ τ can be proved, where τ > 0. In addition, lim t→t k+1 e(t) = δ |u c (t)| + m 1 and e(t k ) = 0.
Finally, the lower bound of interexecution interval t * is guaranteed to satisfy t * ≥ δ|u c (t)|+m 1 τ ; therefore, the control scheme successfully avoids the Zeno behavior.
IV. SIMULATION AND RESULTS
In this section, the proposed method is verified via two examples.
A. EXAMPLE 1
Consider the following uncertain nonlinear system [40] : where the unknown and known functions are g 1 (x 1 ) = x 1 (1− sin 2 (x 1 )) + 0.5 cos(x 1 ) and g 2 (x 2 ) = −3.5x 2 + x 1 x 2 2 + 0.1 sin (2x 1 x 2 ) . The gain parameter b = 1, and the function (x) = 1.9 + 0.1 sin(x 1 ). Additionally, the reference output y r = sin(t).
The adaptive fuzzy controller membership functions are as follows:
The proposed controller is designed as follows:
Then, the parameters of the adaptive controller are defined as follows:
The output x 1 and reference y r are shown in Fig. 1 . Fig. 2 and Fig. 3 , respectively, represent the control output and event-triggered control output. The tracking error is shown in Fig. 4 . The triggering events distribution is illustrated in Fig. 5 , where points represent each trigger event in the control process, and the intervals between these points represent periods of control. According to above figure, all the signals of the system are bounded. The triggering quantity is listed in Table 1 . As shown in Table 1 , the second rows report the quantity of event-triggered times during each 2-s interval. when the control output changes, the number of trigger events changes correspondingly to reduce the resource consumption and ensure the stability of the system. Therefore, the proposed method achieves good tracking control. 
B. EXAMPLE 2
Consider a single-link robot arm model:
where x 1 and x 2 are the displacement and velocity, respectively, I is inertia, m is mass, g is acceleration of gravity, l is the length between the center of mass and the joint, and B is the coefficient of viscous friction. Set disturbance
The parameters are chosen as follows:
The controllers and parameters of the adaptive laws are similar to those in example 1. The displacement state x 1 and reference y r are shown in Fig. 6 . The control output and event-triggered control output are shown in Figs. 7-8 , and the tracking error is shown in Fig. 9 . The effectiveness of the triggered events is illustrated in Fig. 10 and Table 2 . The above data confirm that all the signals of the system are bounded. The proposed method ensures the tracking control of a single-link robot arm. 
V. CONCLUSION
In this paper, an extended fuzzy adaptive compensation event-triggered control is proposed. An adaptive compensation event-triggered method is designed in consideration of input hysteresis with nonlinear control gain. Under the proposed event-triggered mechanism, the control method can effectively compensate for input hysteresis and simultaneously save communication resources. To overcome the problem of uncertain items in uncertain nonlinear systems, an extended fuzzy logic system approximation method is proposed. The proposed method takes the time-varying error of approximation into consideration. Furthermore, by implementing backstepping technology, extended fuzzy adaptive compensation event-triggered control is proposed to guarantee the system tracking performance. The simulation results verify the effectiveness of the proposed method. Moreover, the infamous Zeno behavior is avoided. 
